Molecular self-assembly is extremely important in many fields, but the characterization of their corresponding intermolecular interactions is still lacking. The C−H stretching Raman band can reflect the hydrophobic interactions during the self-assembly process of sodium dodecyl sulfate (SDS) in aqueous solutions. However, the Raman spectra in this region are seriously overlapped by the OH stretching band of water. In this work, vertically polarized Raman spectra were used to improve the detection sensitivity of spectra of C−H region for the first time. The spectral results showed that the first critical micelle concentration and the second critical micelle concentration of SDS in water were 8.5 and 69 mmol/L, respectively, which were consistent with the results given by surface tension measurements. Because of the high sensitivity of vertically polarized Raman spectra, the critical micelle concentration of SDS in a relatively high concentration of salt solution could be obtained in our experiment. The two critical concentrations of SDS in 100 mmol/L NaCl solution were recorded to be 1.8 and 16.5 mmol/L, respectively. Through comparing the spectra and surface tension of SDS in water and in NaCl solution, the self-assembly process in bulk phase and at interface were discussed. The interactions among salt ions, SDS and water molecules were also analyzed. These results demonstrated the vertically polarized Raman spectra could be employed to study the self-assembly process of SDS in water.
I. INTRODUCTION
The self-assembly process of surfactants is of great significance in many fields. The critical micelle concentration of surfactants (CMC), which refers to the concentration of the surfactant required to form micelles, has been extensively studied [1] [2] [3] [4] [5] [6] [7] [8] . Surface tension [9] , light scattering [10, 11] , fluorescence [12] , and X-ray scattering [13] can be used to obtain the CMC values. At the first critical micelle concentration (FCMC), the surfactant monomers begin to aggregate to form spherical micelles [14] [15] [16] [17] [18] , and at the second critical micelle concentration (SCMC), the spherical micelles transform into rod-like micelles [19] [20] [21] [22] . Light scattering [10] , X-ray scattering [13] , small angle neutron scattering (SANS) [11] , and other methods can be used to determine the shape and size of micelles.
Although these technologies were used to measure the CMC and shape of micelle in the process of self-assembly, few studies were focused on the molecular interaction details. Raman spectroscopy is an important method to study molecular interactions. While Raman spectroscopy is used, parallel polarized Raman spectra are usually collected because of the high spectral intensity. However, parallel polarized Raman spectra in the C−H stretching region in diluted aqueous solutions are usually overlapped by the O−H stretching Raman bands of water, thus the detection sensitivity is relatively low. As a result, studies on the aggregation process of surfactants in water have been limited to relatively high concentrations [2, 23] .
Actually, both the parallel and vertical polarized Raman spectra play a very important role in spectral analysis. For example, through the parallel polarized Raman spectra and vertically polarized Raman spectra, the depolarization ratio can be obtained, and it is used to reflect the symmetry of vibration modes and to assign the Raman spectra [24] [25] [26] . The parallel and vertical polarized spectra were used to study the reorientation motion of alcohol molecules in water [27] . Both polarized spectra were used to measure the isotropic spectra, which were used to simplify the Raman spectra in the C−H stretching region of alcohols, and the gauche con-formers of the alcohols were identified in the spectra [28] .
In this study, the vertically polarized Raman spectra were used to study the self-assembly process of the important anionic surfactant-sodium dodecyl sulfate (SDS) [29, 30] . Through using the vertically polarized spectra, the OH stretching Raman bands of water were suppressed, and the spectra of SDS in the C−H stretching region were simplified. As a result, the detection sensitivity of spectra of C−H stretching region was improved. The CMC values of SDS in H 2 O and NaCl/H 2 O solutions were obtained from vertically polarized Raman spectra. The aggregation process of SDS and the molecular interactions in the process of aggregation were also discussed.
II. EXPERIMENTS
SDS (99%) was purchased from Sigma Aldrich, and used without further purification. NaCl (99.5%) was purchased from Sinopharm Chemical Reagent Co. Ltd. and heated at 650
• C for 10 h to remove the impurities. Deionized water was prepared from a Milli-Q reference system (Millipore, Bedforrd, MA, 8.4 MΩ·cm). SDS/H 2 O solutions were prepared from 0.5 mmol/L to 294.8 mmol/L, SDS/(NaCl/H 2 O) solutions, were prepared from 0.4 mmol/L to 292.7 mmol/L, and the concentration of NaCl solution were kept at 100 mmol/L.
The spontaneous Raman setup was described in our previous studies [31] [32] [33] [34] [35] [36] [37] , and described briefly here. In this experiment, a cw laser (Coherent, Verdi V5, 532 nm) with 4.0 W power was used as the excitation light. Its polarization was purified by a Glan prism, and was controlled by a half wave plate. The Raman scattering light was collected at 180
• geometry relative to the direction of laser. The polarization of the Raman light was selected by a Glan prism, and then scrambled by a depolarizer. The scattering light was dispersed by the triple monochromator (Acton Research, TriplePro) and was recorded by a liquid-nitrogen-cooled CCD detector (Princeton Instruments, Spec-10:100B). The aqueous solutions were hold in SiO 2 cuboid cell (1 cm×1 cm×3 cm). The temperature of samples was kept at (25±0.1)
• C by a heating bath (THD-2006, Ningbo).
The surface tension experiments were performed with the Wilhelmy plate method that measures the capillary force exerted on a flat plate by a tensiometer (BZY-1). The measuring accuracy is 0.1 mN/m.
III. RESULTS AND DISCUSSION
A. Parallel polarized Raman spectra of SDS in diluted aqueous solution SDS can form micelles in water via the hydrophobic interaction of alkyl groups. The conformation and surrounding environment of the long alkyl chains change significantly during the formation of the micelles [38] . The asymmetric CH 2 stretching mode (ν as (CH 2 )) is sensitive to these change. Therefore, ν as (CH 2 ) can be used as an indicator for the SDS self-assembly process [16] . Due to the high spectral intensity, parallel polarized Raman spectra are used in previous Raman spectroscopic studies [2, 23] . We also record the parallel polarized Raman spectra of extremely diluted aqueous SDS solution (0.8 mmol/L) and pure water at 2700−3150 cm . The peak at 2855 cm −1 was assigned to the symmetric CH 2 stretching mode (ν s (CH 2 )), and the broad peak at ∼2900 cm −1 was attributed to the asymmetric CH 2 stretching mode (ν as (CH 2 )), the CH 3 stretching mode, and their corresponding Fermi resonance peaks. These peaks overlapped severely, and it was difficult to accurately determine the peak position of ν as (CH 2 ).
B. Vertical polarized Raman spectra of SDS in diluted aqueous solution
Unlike most studies using parallel polarization Raman spectra [2, 23] larized Raman spectrum is weaker than that of parallel polarized Raman spectrum, the ν as (CH 2 ) in the vertically polarized spectrum was more apparent than in the parallel polarized spectrum (FIG. 2(a) dashed line) . This was because the intensity of the O−H stretching band of water in these spectral region was significantly weakened in the vertically polarized spectrum [31] . In the spectral region, the OH stretching bands were assigned to the in-phase vibration mode of the water molecules with strong hydrogen bonds, and the Raman spectra of this mode are weak in the vertically polarized Raman spectra, as shown in the inserted spectra in FIG. 2 dash line), the vertically polarized spectrum exhibited an improved signal to noise ratio. More importantly, in vertically polarized spectra, ν s (CH 2 ) is significantly weakened [33, 39] , thus the antisymmetric -CH 2 stretching band ν as (CH 2 ) was fully resolved at ∼2885 cm −1 . Consequently, even at a very low concentration, the accurate peak position of ν as (CH 2 ) can be obtained from the vertically polarized Raman spectra. solution. This indicates that vertically polarized Raman spectra can be used to characterize SDS in very diluted solutions.
FIG . 4 shows the concentration dependent peak position of ν as (CH 2 ) in aqueous SDS solutions. We found that the peak positions could be divided into three regions with increasing SDS concentration. For concentrations less than 8.5 mmol/L, the position of ν as (CH 2 ) did not change and remained at ∼2899 cm −1 . This indicated that the conformation and environment of the alkyl chains did not change. In this range, SDS was in the form of monomer, which was consistent with the results of previous studies [16] . The SDS monomer was encapsulated by water molecules, and in order to reduce the contact surface of the SDS hydrophobic alkyl chains with water, the conformation of SDS alkyl chains was random. When the concentration of SDS was more than 8.5 mmol/L, the peak position of ν as (CH 2 ) showed a strong red shift, indicating drastic changes in the conformation and environment of SDS alkyl chains. It meaned that 8.5 mmol/L was the FCMC of the SDS aqueous solution. At this concentration, the alkyl chains start to aggregate, which is driven by hydrophobic attractive forces, and the SDS molecules began to form spherical micelles. Our FCMC value was consistent with the results obtained by light scattering [40] and ultraviolet-visible (UV-Vis) absorption measurements [17] . Previous studies have shown that the conformation of the SDS alkyl chains change to all trans conformation and become orderly under this condition [16, 41] . When the SDS alkyl chains changed to all trans conformation, the hydrophobic interaction of the alkyl-alkyl groups can be enhanced, making the spherical micelles more stable. When the concentration of SDS was more than ∼69 mmol/L, the peak position of ν as (CH 2 ) showed a weak red shift. Previous studies have shown that this concentration (69 mmol/L) was the SCMC [19, 22, 40] . At the higher concentration, the SDS in solution gradually transformed from spherical micelles to rod-like micelles [4] . The further red shift of the ν as (CH 2 ) indicated that the interaction between SDS alkyl groups was further enhanced. Due to the more and more short distance between the SDS alkyl chains, the alkyl chains were more likely to exist in the all-trans conformation. In addition to Raman spectra, we also measured the surface tension of aqueous SDS solution at different concentrations. The results are shown in FIG. 4 . Similar to the changes of the peak position of ν as (CH 2 ) with increasing SDS concentration, the surface tension is divided into three identical regions. When the SDS concentration was less than ∼8.5 mmol/L, the surface tension decreased significantly. When the concentration was in the range of 8.5 mmol/L to 69 mmol/L, the surface tension remained essentially unchanged. At concentrations higher than ∼69.3 mmol/L, the surface tension continued to decrease, but the rate of decrease was slower than that of the first stage. These two concentrations, ∼8.5 and ∼69 mmol/L, corresponded to the FCMC and SCMC of aqueous SDS solution, respectively. These two values were consistent with values obtained from the Raman spectra, indicating that self-assembly of SDS occurred synergistically in the solution and at the interface. Comparing surface tension data and the Raman spectra data, the self-assembly process of SDS in aqueous solution and at the interface can be better understood (FIG. 5) . When the SDS concentration was less than 8.5 mmol/L, the number of SDS molecules increased at the interface and in the solution with increasing concentration. The increase of SDS molecules at the interface led to a decrease in surface tension [42] . Although the number of SDS molecules in solution increased, SDS remained in the form of monomer, and thus, the peak position of asymmetric C−H 2 stretching vibration did not change. When the concentration reached ∼8.5 mmol/L, the number of SDS molecules at the interface was saturated, forming an SDS monolayer [5, 16] . Furthermore, the SDS monomer molecules in solution were also saturated. When the concentration was more than ∼8.5 mmol/L, SDS molecules were self-assembled into spherical micelles in the solutions, which led to a red shift of ν as (CH 2 ). The additional SDS molecules were all self-assembled in solution and no longer gathered on the surface, thus the surface tension remained stable. When the concentration reached ∼69.3 mmol/L, the spherical micelles also reached saturation. As the concentration increased, SDS molecules aggregated at the interface into a multilayer film, causing the surface tension to decrease. Previous molecular dynamics simulations have shown that at higher SDS surface densities, multilayers can be formed at the solution surface [43] . At this stage, SDS spherical micelles in the solution transformed into rod-like micelles, which led to a further red shift of the peak position of ν as (CH 2 ).
D. Self-assembly of SDS in NaCl/H2O solution
Usually, the salt ions were added into the solution to control the molecular self-assembly. For example, salt has a significant effect on the aggregation of long-chain alkanes [44] [45] [46] [47] [48] [49] [50] . Conductivity, light scattering and other methods have suggested that the presence of ions can reduce the CMC [51] [52] [53] . Here, vertically polarized Raman spectra were used to analyze the self-assembly of SDS in aqueous NaCl solution. FIG. 6(a) shows the vertically polarized spectra of SDS in 100 mmol/L aque- ous NaCl solution of different concentrations in the CH stretching region. The relationship between the peak position of ν as (CH 2 ) with the concentration of SDS in NaCl solution was presented in FIG. 6(b) . It can be seen that the change of the peak position with increasing SDS concentration could be divided into three regions. When the concentration was less than ∼1.8 mmol/L, the peak position of ν as (CH 2 ) did not change and was located at ∼2896 cm −1 . When the concentration of SDS was higher than ∼1.8 mmol/L, a red shift was observed. The FCMC of SDS in NaCl/H 2 O solution was determined to be ∼1.8 mmol/L, where SDS began to form spherical micelles, which was driven by the hydrophobic interaction of alkyl-alkyl interactions [54] . When the concentration of SDS was higher than ∼16.5 mmol/L, a continuous red shift of ν as (CH 2 ) was observed, but the magnitude of the shift decreased. The SCMC was determined to be ∼16.5 mmol/L, where the spherical micelles began to transform into rod-like micelles [4, 6, 54] . The surface tension of this solution was also measured, and the data are shown in FIG. 6(b) . It can be seen that the surface tension across the entire concentration range could also be divided into three identical regions with increasing SDS concentration. When the SDS concentration was lower than ∼1.8 mmol/L, the surface tension decreased significantly. When the SDS concentration was in the range of 1.8 mmol/L to 16.5 mmol/L, the surface tension remained essentially unchanged. At concentrations higher than 16.5 mmol/L, the surface tension continued to decrease, but the rate of decrease was lower than that of the first stage. These two values were consistent with the CMC values obtained from the Raman spectra, indicating that self-assembly of SDS occurred synergistically in the solution and at the interface. When the concentration was lower than ∼1.8 mmol/L, the SDS molecules gradually aggregated at the interface. At a concentration of 1.8 mmol/L, the SDS molecules formed a single molecular layer at the surface. When the SDS concentration was in the range of 1.8 mmol/L to 16.5 mmol/L, the SDS molecules did not aggregate at the interface, instead, the aggregation occurred in the bulk phase to form spherical micelles. When the SDS concentration was higher than 16.5 mmol/L, SDS molecules further aggregated at the interface to form a multilayer film and formed rod-like micelles in the bulk phase. The SDS self-assembly process at the SDS/(NaCl/H 2 O) solution surface and in the bulk solution was consistent with that in SDS/H 2 O, but the corresponding FCMC and SCMC values were lower. This was due to the attraction between SD − anions and the large amounts of Na + cations. The attraction reduced the repulsion between the adjacent SD − anions, which promoted the self-assembly of SDS and reduced the CMC value. In FIG. 7 , the Raman shifts of ν as (CH 2 ) at various concentrations in pure water and aqueous NaCl solutions were compared. It is worth noting that a significant difference was observed between the peak positions of ν as (CH 2 ) when there no micelles were formed. When the concentration was lower than the FCMC value, the position of the peak position of ν as (CH 2 ) in water was at ∼2898.6 cm −1 , while that in the NaCl solution shifted to ∼2895.1 cm −1 . In this concentration region, only the SDS monomer existed in solution. Hence then, the difference between the Raman shifts of ν as (CH 2 ) demonstrated the interactions between Cl − and water molecules [34] changed the water environment around the alkyl groups, meanwhile the interaction between Na + and the sulfate anion of SDS affected the conformation of the alkyl chain. These factors led to the red shift of the peak position of ν as (CH 2 ) in the salt solution. However, with the formation of micelles, the difference in the peak position of ν as (CH 2 ) in different solutions decreased, indicating that the influence of salt ions gradually became weak along with SDS alkyl groups aggregating. When the SCMC was achieved, the peak position of ν as (CH 2 ) of SDS in pure water and aqueous NaCl were located at ∼2889.7 and ∼2889.4 cm −1 , respectively, and the difference in Raman shift almost disappeared. When the SDS transformed from spherical to rod-like micelles, the hydrophobic cores of the micelles became extremely tight and the hydrophobic interaction between alkyl groups was dominant. Therefore, salt ions have almost no effect on the ν as (CH 2 ).
E. Effect of salt ions on the self-assembly process of SDS

IV. CONCLUSION
Our results demonstrate the vertically polarized Raman spectra could suppress the OH stretching band of water in aqueous SDS solution, simplify the C−H stretching band of SDS, and improve the detection sensitivity of the spectra in C−H stretching region.
The CMC values of SDS in water and NaCl/H 2 O solutions were obtained using vertically polarized Raman spectra, and the results were consistent with surface tension measurements and literature values. The FCMC and the SCMC of SDS in water were 8.5 and 69.3 mmol/L, respectively. In 100 mmol/L concentration of NaCl/H 2 O solution, the FCMC and the SCMC were decreased to 1.8 and 16.5 mmol/L, respectively. Additionally, the self-assembly process of SDS in bulk phase and at interface was discussed. What's more, through comparing the spectra of SDS in water and in NaCl solutions, the interactions among the salt ions, SDS molecules and water molecules during the selfassembly process of SDS were discussed.
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